Primary hepatocytes treated with nonesterified PUFA have been used as a model for analyzing the inhibitory effects of dietary polyunsaturated fats on lipogenic gene expression. Although nonesterified fatty acids play an important signaling role in starvation, they do not completely recapitulate the mechanism of dietary fat presentation to the liver, which is delivered via chylomicron remnants. To test the effect of remnant TG on lipogenic enzyme expression, chylomicron remnants were generated from the lymph of rats intubated with either safflower oil or lard. The remnants were added to the medium of primary rat hepatocytes in culture and the accumulation of mRNA for genes involved in carbohydrate and lipid metabolism was measured. Both PUFA-enriched remnants and nonesterified PUFA inhibited the expression and maturation of sterol response element binding protein-1c (SREBP-1c) and the expression of lipogenic genes regulated by this transcription factor.
Introduction
PUFA are bioactive food components that can affect the risk of cardiovascular disease (1) (2) (3) . An intracellular mechanism involved in the protective effect of dietary PUFA is a decrease in the hepatic expression of the lipogenic enzymes resulting in a reduction in the production of TG and VLDL (4) (5) (6) . These inhibitory actions are unique to (n-6) PUFA and (n-3) PUFA; SFA and MUFA do not inhibit de novo lipogenesis (7, 8) . In previous studies, the mechanisms by which dietary PUFA inhibit the expression of lipogenic enzymes have been investigated by incubating primary rat hepatocytes with albuminbound PUFA (9, 10) . This model assumes that the increase in intracellular fatty acid concentration caused by nonesterified fatty acids results in the same changes in liver metabolism as are caused by dietary fat. The model is also limited in investigating the different abilities of PUFA compared with SFA to modulate lipogenesis, because incubation of primary rat hepatocytes with albumin-bound palmitate causes a rapid depletion in cellular ATP concentrations and stimulates apoptosis (10, 11) .
Dietary TG presents to the liver in chylomicron remnants, which contain 15-35% of the dietary TG originally packaged in chylomicrons; these particles are cleared by the liver using receptor-mediated endocytosis (12, 13) . In contrast, nonesterified fatty acids bound to serum albumin dramatically increase in concentration during starvation and uncontrolled diabetes. Within the liver sinusoids, the nonesterified fatty acids dissociate from albumin and enter hepatocytes by a mechanism thought to involve specific fatty acid transporters (14, 15) . There is little or no information comparing the regulation of metabolic processes by chylomicron remnants compared with nonesterified fatty acids.
A growing body of evidence suggests that cells contain distinct pools of fatty acids and these pools have different functions (16) (17) (18) (19) (20) (21) . The mode of uptake of lipid into the hepatocyte may also dictate its regulatory potential. The goals of these experiments were first to determine whether PUFA delivered to hepatocytes as chylomicron remnant TG inhibit the expression of lipogenic genes. Second, chylomicron remnants enriched in saturated fat were tested for their potential to inhibit the expression of lipogenic and glycolytic genes.
Methods
Animal care and cell culture. Animal experiments were conducted in conformity with the Public Health Service policy on Humane Care and Use of Laboratory Animals. The Institutional Animal Care and Use Committee of the Division of Laboratory Animal Resources at West Virginia University approved all experimental procedures. Hepatocytes were isolated from male Sprague-Dawley rat (150-200 g) livers by a modification of the method of Seglen (22) , as described previously (23) . Hepatocytes (3 3 10 6 ) were plated onto 60-mm collagen-coated plates in Hi/Wo/Ba medium [Waymouth MB752/1 (27.5 mmol/L glucose), 20 mmol/L HEPES, pH 7.4, 0.5 mmol/L serine, 0.5 mmol/L alanine, 0.2% BSA] plus 5% newborn calf serum. Two hours postisolation, hepatocytes were washed twice with serum-free media and incubated overnight with serum-free media and 0.3 mg Matrigel/plate (BD PharMingen). Treatments as indicated in the figure legends were added to the hepatocytes in fresh serum-free media, without Matrigel, after 20 h in culture (time zero). Fatty acids (Nu-Check Prep) were prepared in complex with BSA at a 1:4 molar ratio (BSA:fatty acid) and the stock contained butylated-hydroxytoluene 0.1%. Hepatocytes not receiving the fatty acid:BSA complex were treated with serum-free media containing an equivalent amount of BSA. All media contained supplemental a-tocopherol (5 mg/L of medium). The medium was changed every 12 h. Treatments were as follows: insulin (80 nmol/L), fatty acids (175 mmol/L), chylomicrons (100 mg TG/plate), and chylomicron remnants (100 mg TG/plate). In all cases, n refers to the number of separate rat hepatocyte experiments.
Protein isolation and Western-blot analysis. Hepatocytes (2 plates/ treatment) were pooled and harvested after 30 min of treatment. Cell lysates were prepared as described by Hansmannel et al. (24) . The cell lysates (20-40 mg protein) were subjected to Western analysis (25) using SREBP-1c antibody (Santa Cruz). Chemiluminescence was detected by ECL plus (Amersham) and imaged using the Typhoon 9410 (GE Healthcare).
Isolation of total RNA and qRT-PCR. Hepatocytes (2 plates/treatment) were pooled and harvested after 24 h, with the treatments indicated in the figure legends. Total RNA was isolated using Tri-Reagent (Ambion) according to the manufacturer's instructions. RNA (150 ng) was DNase I-treated and the amount of mRNA for G6PD, SREBP-1c, fatty acid synthase (FAS), 6 acetyl-CoA carboxylase-1 (ACC-1), ATPcitrate lyase (ATP-CL), stearoyl-CoA desaturase 1 (SCD), S14, glucokinase (GK), L-pyruvate kinase (LPK), and malic enzyme (ME) in each sample was determined in duplicate by qPCR (BioRad iCycler iQ) analysis by one step RT-PCR using Quantitect SYBR green or probe kits (QIAGEN) according to the manufacturer's instructions. Sequences for primers and probe are in Supplemental Table 1 . The relative amount of mRNA was calculated using the comparative threshold cycle method and expressed relative to the control, cyclophilin B mRNA.
Preparation of chylomicron remnants. Lymph fistula rats with duodenal and intestinal lymph duct fistulae (26) were infused (3 mL/h) with a lipid emulsion containing safflower oil or melted lard (0.36 g/animal) and 19 mmol/L sodium taurocholate in PBS (pH 6.4). Safflower oil contains~78% linoleic acid and is unique among the vegetable oils in that it contains nearly all (n-6) PUFA (27) . Lard contains 40% SFA, 48% MUFA, and 14% PUFA, primarily 18:2(n-6) (27) . Lymph was collected for 6 h. Whole chylomicrons and remnants were isolated as previously described (28) . Chylomicron TG was digested postheparin plasma (29) as a source of lipoprotein lipase and apolipoprotein (apo) E. Remnants were purified by density centrifugation (28) . The amount of TG in the remnants was determined using the Triglyceride and Free Glycerol kit (SigmaAldrich); the amount of remnants added is expressed relative to the amount of TG in the remnants. Remnant TG (100 mg) added to a plate of hepatocytes containing 3 mL of medium results in an amount of fatty acid equivalent to 115 mmol/L.
Measurement of fatty acid synthesis. The rate of de novo fatty acid synthesis was measured using tritiated water (30) . Cells were incubated with 7.4 GBq/L 3 H 2 O during the last 3 h of a 24-h treatment. The cells from 3 plates/treatment were pooled.
Statistics Statistics were performed using GraphPad Prism (version 4.0). Overall significance was determined by 1-way ANOVA; multiple comparisons were made using Dunnett's post-test if the overall P-value after ANOVA was P , 0.05. All comparisons were made to the control, which was hepatocytes incubated with insulin alone. Hepatocytes not receiving treatment (no addition) or PUFA-enriched chylomicron remnants in the absence of insulin were not compared, because these were included for reference with respect to the insulin induction or as a control for the effect of the addition of remnants per se, respectively.
Results
Composition of chylomicron remnants. The fatty acid content of the prepared chylomicrons and chylomicron remnants was determined by GC ( Table 1) . Minimal composition changes were detected by conversion of the chylomicrons to the chylomicron remnants. Chylomicron remnants derived from rats receiving safflower oil (PUFA-enriched remnants) contained 57.7% PUFA. Remnants from rats receiving lard (SFA-enriched remnants) contained twice the saturated fat content compared with PUFA-enriched chylomicron remnants (45.2 vs. 21.2%) and only 21.3% PUFA, which were predominantly (n-6) fatty acids. The presence of SFA in PUFA-enriched remnants and at percentages greater than that found in safflower oil likely represented fatty acids that were synthesized de novo by the intestine or were absorbed from bile phospholipid.
G6PD is inhibited by PUFA-enriched remnants. Insulin simulated G6PD expression (Fig. 1B) . The addition of a maximally inhibitory concentration of PUFA-enriched remnants (Supplemental Fig. 1 ) decreased G6PD mRNA expression by 60% (Fig. 1A) . This inhibition was observed by 4 h and continued through 24 h. Each plate of hepatocytes received 100 mg of remnant TG; if all 3 fatty acids were hydrolyzed from the glycerol backbone, this represented a dose of~115 mmol/L fatty acid in the medium. Thus, inhibition by chylomicron remnants was achieved with a low potential concentration of fatty acids. The inhibition by the polyunsaturated-enriched remnants occurred to a similar extent and over the same time course as with the nonesterified fatty acid, arachidonic acid (AA) (Fig. 1A) .
PUFA-enriched remnants inhibited G6PD mRNA accumulation to a similar extent as the nonesterified fatty acids: linoleate, arachidonate, and eicosapentaenoate (Fig. 1B) . The inhibition required uptake of the remnant; whole chylomicrons that were excluded from uptake because they lack apoE did not inhibit. Remnants in the absence of insulin also did not inhibit G6PD expression (Fig. 1B) , similar to the action of PUFA (25) . The inhibition by chylomicron remnants was observed only with remnants derived from rats intubated with polyunsaturated fat; SFA-enriched remnants did not inhibit. This comparison could not have been made with nonesterified SFA, because palmitate causes hepatocyte death via apoptosis (10,11).
SREBP-1c-and SREBP-1c-regulated genes are inhibited by PUFA-enriched chylomicron remnants. Regulation of G6PD expression by dietary fat occurs exclusively at a posttranscriptional step (31) . We next asked if the inhibitory effect of PUFA-enriched chylomicron remnants would extend to lipogenic genes inhibited at transcriptional steps and, in particular, genes induced by SREBP-1c. The addition of insulin increased SREBP-1c mRNA expression by 3-fold compared with no addition (Fig. 2A) . Both nonesterified fatty acids and PUFAenriched chylomicron remnants inhibited the insulin induction of SREBP-1c mRNA by 60% or more. SFA-enriched chylomicron remnants had no effect on SREBP-1c mRNA expression. Treatment with nascent chylomicrons or remnants in the absence of insulin also did not affect SREBP-1c mRNA abundance. Accompanying the decrease in SREBP-1c expression, the release of active or mature SREBP-1c was inhibited by both nonesterified PUFA and PUFA-enriched remnants (Fig. 2B) . Treatment with SFA-enriched chylomicron remnants or nascent chylomicrons did not inhibit mature SREBP-1c protein formation. Therefore, PUFA-enriched chylomicron remnants mimicked the effect of dietary PUFA on SREBP-1c expression and generation of the active protein.
FAS, ACC-1, SCD-1, ATP-CL, and S14 are SREBP-1c target genes. Changes in SREBP-1c activity should therefore coordinately regulate these genes. Insulin increased the expression of these genes ( Table 2) . Expression of these genes was stimulated only with insulin; therefore, the increase in expression was less than reports in which the medium was supplemented with additional hormones such as glucocorticoids and/or thyroid hormone (6, 32) . PUFA-enriched chylomicron remnants significantly inhibited the expression of these SREBP-1c-dependent genes and the magnitude of this decrease was the same as that observed with the nonesterified fatty acids ( Table 2 ). The inhibition of these genes occurred in parallel with the changes in the amount of mature SREBP-1c and SREBP-1c mRNA. SFAenriched chylomicron remnants had no effect. 
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SREBP-1c independent genes are not inhibited by chylomicron remnants. We next examined the expression of genes (GK, LPK, ME) whose expression can be inhibited by dietary polyunsaturated fat but whose regulation does not involve SREBP-1c (32) (33) (34) . Expression of each of these genes was enhanced by insulin and significantly inhibited by albuminbound PUFA (Table 3) . In contrast, PUFA-enriched chylomicron remnants did not significantly inhibit the accumulation of these mRNA compared with treatment with insulin alone.
Polyunsaturated-but not SFA-enriched remnants inhibit lipogenic rate. The coordinate decrease in the expression of lipogenic enzymes suggested that the overall rate of fatty acid biosynthesis should be similarly regulated. Insulin enhanced the rate of de novo fatty acid synthesis by 3.5-fold (Fig. 3) . Addition of either nonesterified AA or PUFA-enriched chylomicron remnants inhibited the lipogenic rate by 50%. Treatment of hepatocytes with saturated fat-enriched chylomicron remnants did not significantly inhibit the insulin stimulation of fatty acid synthesis.
Discussion
Primary rat hepatocytes contain the necessary proteins involved in uptake of the remnant particles from the medium (35) (36) (37) . These include hepatic lipase (38, 39) , LDL receptor (40, 41) , and LDL receptor-related protein 1 (42) and have been used as a model to study uptake of lipoproteins, including chylomicron remnants (37, 41) . ApoE, necessary for hepatic uptake, is acquired by the remnants during the incubation with post-heparin plasma. Chylomicron remnants enriched in PUFA inhibited the expression of several lipogenic genes. This inhibition was specific to remnants enriched in PUFA and was not observed with remnants derived from rats fed lard. Selective inhibition of lipogenic rate and lipogenic gene expression by PUFA-as opposed to SFA-enriched chylomicron remnants is consistent with the pattern of regulation by dietary fat observed in animals (5, 8) . This differential effect suggests that the inhibition of these genes involves a direct intracellular action of dietary PUFA as opposed to inhibition secondary to extrahepatic regulation of other humoral factors.
Uptake of the remnant fatty acid can occur by both hepatic lipase hydrolysis on the extracellular surface and lysosomal digestion of the internalized remnant particle (13, 37) . Because hepatic lipase digestion of chylomicron remnants will increase nonesterified concentrations of fatty acids in the medium, the inhibitory effect of remnants on lipogenesis might be secondary to generation of nonesterified fatty acids at the cell surface; however, the medium used in these studies contains BSA at concentrations that are demonstrated to reduce FFA uptake (19) . Thus, the action of remnants observed in the present studies likely involves internalization of the intact TG.
A common feature of these lipogenic genes is that their expression is stimulated by insulin and this stimulation involves SREBP-1c (5) . In this regard, both nonesterified PUFA and the PUFA-enriched remnants only inhibit in the presence of insulin (Figs. 2 and 3) (25) . This interaction with insulin is key in the inhibitory action of remnants, because remnants enriched in PUFA do not affect SREBP-1 expression in response to liver Xreceptor agonists (43) . Thus, inhibition of FAS, ACC-1, ATP-CL, SCD-1, and S14 appears to be secondary to the decrease in SREBP-1c. G6PD has been a useful prototype for studying regulation by fatty acids, because its expression is stimulated by insulin and the insulin stimulation is inhibited by PUFA in the absence of other hormones, such as glucocorticoids or thyroid hormone, which could confound the interpretation of the results. G6PD, an enzyme is regulated at a post-transcriptional step (23, 31) as well as indirectly by SREBP-1c (44) was also inhibited by the PUFA-enriched remnants and in an insulindependent manner. Previous data from our laboratory demonstrate that nonesterified PUFA inhibit insulin signal transduction within hepatocytes (25) . PUFA-enriched remnants may act in a similar manner or the inhibition of G6PD expression may also be secondary to reduced SREBP-1c activity. In contrast to key lipogenic enzymes regulation of LPK, GK and ME does not involve SREBP-1c, but involves carbohydrate response element binding protein (ChREBP) in the case of LPK, hepatocyte nuclear factor-4 for GK, and ME remains incompletely characterized (32) (33) (34) . Accumulations of mRNA of GK, LPK, and ME were not inhibited by the PUFA-enriched remnants with or without insulin. Yet dietary polyunsaturated fat does inhibit the expression of these genes in the livers of intact animals (9, 45) . Although increased concentrations of remnant lipid may be necessary to inhibit these genes in primary hepatocytes, these genes are as inhibited by the same amount of dietary polyunsaturated fat as the SREBP-1c-dependent genes. Regulation of GK, LPK, and ME may involve other humoral factors whose levels change with dietary fat feeding. In this regard, bile acid release is stimulated by fat in the intestine and can decrease activity of malic enzyme and glucokinase (46) . FGF-19, a growth factor produced by the intestine, inhibits expression of pyruvate kinase and glucokinase (47) . Additional gut-derived hormones, such as glucagon like peptide-1, are implicated in the regulation of hepatic TG synthesis (48) . Factors such as these may play an important role in signaling dietary status to the liver and are candidates for polyunsaturated fat-derived, signals regulating metabolic genes.
The data presented here support the conclusion that dietderived lipoproteins are capable of inhibiting lipogenic gene expression in liver. Although some effects of dietary fat can be modeled by the addition of nonesterified PUFA, they may not reflect the mechanisms of regulation used by dietary lipid. The aim of future work is to decipher the different intracellular signals generated by nonesterified fatty acids and chylomicron remnants and in particular how these signals regulate gene expression.
